Purpose. Oesophageal squamous cell carcinoma (ESCC) is the dominant type of oesophageal cancer among the East Asian population. The role of ESCC tissue bacteria in neoplastic progression has not been fully elucidated. Our goal was to uncover different bacterial communities in pathological staging grouping of ESCC and to identify microorganisms that could predict the likelihood of prognosis.
INTRODUCTION
Oesophageal carcinoma is one of the leading aggressive malignancies worldwide, with an estimated 455 800 new cases and 400 200 deaths in 2012 [1] . The two main types of oesophageal carcinoma are adenocarcinoma and squamous cell (ESCC), with the latter accounting for the most common histopathological type in the Chinese population [1, 2] . Despite reasonable progress in the diagnosis and treatment of ESCC, the early diagnosis rate and overall 5-year survival rate remains low [3] , which represents a considerable challenge.
The bacterial 16S ribosomal RNA (rRNA) gene has historically been used in defining bacterial taxonomy and phylogeny [4] . The majority of studies on human micro-organisms have focused on bacteria [5, 6] . Amplifying and sequencing 16S rRNA genes from bacterial communities has become a standard method to compare and determine communities. High-throughput sequencing technology has made the testing of microbial community profiling routine and affordable.
Bacterial infection conventionally has not been regarded as one of the primary causes of carcinoma. Now, however, rather than directly attributing cancer to chemical carcinogens, attention has focused on certain nonspecific mechanisms [7] -to be precise, the relationship between microbial communities and carcinoma. As we know, Helicobacter pylori was the first bacterium to be confirmed as a cause of human cancer by the International Agency for Research on Cancer, in 1994 [8] . This set a good example for the study of cancer-associated bacteria. The emerging roles of specific bacteria in human tumourigenesis may hold great promise for understanding the process of carcinogenesis. Multiple lines of evidence have highlighted flora as drivers of oncogenesis and as targets of tumour progression in several neoplastic types [9] [10] [11] , exemplified in regard to colorectal cancer [12] [13] [14] [15] . Thus, research on human diseases must include the microform, to acquire an integrated description of carcinogenesis.
Currently, however, no study has linked bacterial flora to foci of oesophageal carcinoma, making it essential to determine the potential association between oesophageal carcinoma and flora for comprehensive prevention. In this study, the use of 16S rRNA gene deep sequencing allowed us to characterize the microbial community composition of carcinoma tissues, determining flora communities potentially associated with oesophageal cancer. So, what is the relationship between microbiota and oesophageal carcinoma: And are microorganisms associated with the prognosis of the disease?
METHODS

Clinical samples
We conducted a study within the population of the Fujian Provincial Tumour Hospital, from September 2014 to December 2015. All enrolled members underwent face-toface interviews by trained interviewers using a standardized questionnaire. The questionnaire covered socio-demographic information on age, sex, education and family history of ESCC. In addition, clinical data were collected. We recruited subjects who had been diagnosed with oesophageal carcinoma and who had their tumours surgically excised at the Fujian Provincial Tumour Hospital. The diagnosis was confirmed by pathologists from that institution. The TNM classification, published by the Union for International Cancer Control (UICC), was used. Rejection criteria were: patients reporting the use of antibiotics or micro-ecologics for at least two months prior to tissue collection; patients subjected to neoadjuvant therapy preceding sample collection; and patients suffering from organic cardiovascular diseases or infectious diseases, reflux oesophagitis or recurrent oesophageal cancer. We finally included 45 eligible ESCC cases for further study, according to the above-mentioned criteria. Oesophageal carcinoma tissue samples were obtained from all 45 patients, who had undergone routine surgery. Using sterile Allis tissue forceps and tissue scissors, tissue samples were macro-dissected by an experienced surgeon under strict aseptic procedures. The tissues were then stored at minus 80 C until DNA extraction was performed. The survival status of all enrolled subjects was evaluated through re-examination or telephone follow-up every 3 months following oesophagectomy. The final follow-up visit was 15 January 2017. The institutional committee approved the experimental protocol. The protocol and consent form were approved by the Ethical Committee of Fujian Medical University, and each patient provided written informed consent prior to enrolment.
DNA extraction
Forty-five cancer tissue samples were macro-dissected and used for total genome DNA extraction, then 20 ul proteinase K (20 mg ml À1 ) was added and incubated for 1 h at 56 C. DNA was extracted from tissue specimens using the TIANamp Genomic DNA Kit (TIANGEN Biotech, Beijing, China) according to the manufacturer;s instructions. The DNA concentration was monitored at an ultraviolet absorbance of 260 and 280 nm using an ND-2000 spectrophotometer (NanoDrop Technologies, Thermo Scientific, UK), then visualized on 1 % agarose gels and photographed using the UVI gel imaging system (UVItech, UK) to investigate DNA integrity. The optical density (OD) of sample genomic DNA was between 1.8 and 2.0. To ensure the concentration of DNA in the PCR (polymerase chain reaction) reaction system, we used the Qubit 2.0 fluorometer (Invitrogen, USA) for quantification and quality control of DNA. The extracted genomic DNA was dissolved in DNA rehydration solution and stored at À20 C until use.
PCR amplification and amplicon sequencing
The V3-V4 region of the 16S rRNA gene was amplified using the universal primer set to generate amplicons on the high-throughput Illumina MiSeq platform. This region provides ample information for taxonomic classification of microbial communities from specimens associated with human microbiome studies, and was used by the Human Microbiome Project [16] . As reported previously [17] , the primer pairs for DNA amplification covering variable regions V3-V4 were generated using the following primers: 341F (5¢-CCTACGGGNGGCWGCAG-3¢) and 805R (5¢-GACTACHVGGGTATCTAATCC-3¢), incorporating the barcode sequences for 16S rRNA gene. The optimal PCR amplification procedure was as follows: the PCR master mix was heated to 94 C for 3 min and subjected to 5 cycles of denaturation at 94 C for 30 s, annealing at 45 C for 30 s and extension at 65 C for 30 s; 20 cycles of denaturation at 94 C for 20 s, annealing at 55 C for 20 s and extension at 72 C for 30 s, followed by a final extension step at 72 C for 5 min. Following amplification, the products were detected by 2 % agarose gel electrophoresis and photographed using the UVI gel imaging system (UVItech, UK). A DNA Recovery Kit (Sangon Biotech, China) was then used for rapid purification of high-quality DNA. Subsequently, the dualindexing approach for 16S rRNA gene sequencing was performed. All tissue samples met the requirements of 16S rRNA gene sequencing and they were processed simultaneously, to avoid possible batch effects. Sequencing data were available within approximately 48 h. Image analysis, base calling and data quality assessment were performed on the MiSeq instrument by Sangon Biotech (Shanghai) Co., Ltd.
Sequence processing and taxonomic classification
We identified barcodes used for subject assignment, and discarded sequences with barcodes after barcode removal. Sequences were removed from the analysis if they were below 50 bp in length. We then removed both low-complexity and chimeric sequences. The remaining sequences were used as input for downstream analysis; these were clustered into phylotypes using UCLUST [18] . Sequences were then clustered de novo into operational taxonomic units (OTUs) at a 97 % similarity level. Subsequently, the RDP classifier [19] was used to assign taxonomic ranks using a minimum confidence value of 0.8 and, afterwards, to each OTU.
Estimations of alpha diversity metrics, coverage rate, Shannon index, Simpson index and richness (using the observed OTUs), and addition of rarefaction curves, were performed by mothur software. For beta diversity analysis, weighted and unweighted Unifrac [20] distances were calculated and a distance matrix was generated. When the raw counts had been normalized to an OTU table of relative abundance, taxa of the same type were agglomerated at the phylum, class, order, family and genus levels.
Statistical analysis
The database was set up with EpiData3.1. The majority of statistical analyses were performed with software programs SPSS22.0 and R (version 3.3.3). A two-sided P<0.05 was defined as statistical significance. Differences in coverage rate, observed OTUs, Shannon index and Simpson index (alpha diversity) according to either tumour invasion depth or lymph node metastasis status were tested by MannWhitney U-test. Using principal coordinate analysis (PCoA), the weighted and unweighted Unifrac distance matrices (beta diversity) were further interpreted and visualized in the plot. These were then used to show similarities in microbial community structure according to former grouping states. High values of Unifrac distance indicated dissimilarity, differences being tested with ANOSIM (analysis of similarities) using 1000 permutations in the R vegan package.
Our analysis included taxa from the top 10 major phyla or genera of the oesophageal tissue microbiome. We compared species abundance of oesophageal flora from two aspectsinvasion depth and lymph node metastasis status. Welch's t-test was performed to compare species abundances of oesophageal flora in invasion depth and lymph node metastasis status. Analysis of statistical differences between the oesophageal microbiome of given groups was performed using the statistical analysis of metagenomic profiles (STAMP v2.1.3) software package [21] . To assess the potential association between significant microbiome and survival data, cumulative survival probability was evaluated using the Kaplan-Meier method, and differences were compared using the log-rank test. To determine independent prognostic factors, variables in the univariate analysis were included in a multivariate Cox proportional hazard regression analysis.
RESULTS
Clinical characteristics of subjects with oesophageal carcinoma Among the 45 oesophageal carcinoma cases, the proportion of males to females was 2 to 1; age distribution ranged from 44 to 82 years. From 45 oesophageal tissue samples, we obtained 1 092 832 (78.9 %) quality-filtered 16S rRNA gene sequence reads, with an average of 24 285 and a standard deviation of 9573 reads per sample from the 45 tissue samples. The remaining sequences were clustered into 93363 OTUs at a 97 % similarity level. Tumour size was separated into <4 cm and >4 cm groups using median as a cut-off. According to the pathological classification, the 45 cases were divided into the following groups: T1-2 [tumour invading the lamina propria or submucosa (T1) or muscularis propria (T2)]; and T3-4 [tumour invading the adventitia (T3) or adjacent structures (T4)]; and N+ (regional lymph node metastasis) and NÀ (no regional lymph node metastasis). The frequency distributions of clinical features are summarized in Table 1 .
Diversity of tumour invasion depth and lymph node metastasis
The coverage index in our results, with a mean coverage rate of 86.5 %, displayed good coverage, indicating that sequencing can explain the majority of bacteria. To evaluate the richness and average number of individuals and sequencing depth of oesophageal flora, we performed rarefaction analysis curves for random sampling sequencing. The curve slope tends to be gentle in rarefaction curves, suggesting that the sequencing was sufficiently deep and the quantity of sequencing was suitable (Fig. 1a) . Afterwards, we calculated the indexes of species diversity and compared these between different pathological classifications. The Shannon index is used to evaluate the heterogeneity of microbial flora, while the Simpson index is an indicator of floral diversity. Boxplots showed all indexes, including coverage, observed OTUs, Shannon index and Simpson index, with no significant difference between groups T1-2 and T3-4, or N+ and NÀ (Fig. 1b , Table S1 , available in the online version of this article). Using two distance metrics, we observed consistent and significant differences between the sample groups when considering lymph node metastasis (weighted Unifrac distance, P=0.032; ANOSIM using 1000 permutations), but not for invasion depth (Fig. 1c and Table S1 ).
Species abundance in relation to tumour invasion depth and lymph node metastasis We found 50 examples at the phylum level and 1562 at the genus level. Since there are many low-abundance species, we selected the top 10 phyla (Proteobacteria, Firmicutes, Bacteroidetes, Fusobacteria, Actinobacteria, Spirochaetes, Acidobacteria, Unclassified, Chloroflexi, Cyanobacteria) and the top 10 genera (Prevotella, Unclassified, Fusobacterium, Streptococcus, Delftia, Klebsiella, Serratia, Treponema, Lactobacillus, Leptotrichia) microbiome for further analysis. We performed Welch's t-test on the STAMP platform to compare the bacterial difference between T1-2 and T3-4. Extended error bar plots provide a single figure indicating statistically significant features along with the P-values, effect sizes and confidence intervals. Mean proportion and their differences in the oesophageal microbiota are also shown. The plots for the top 10 microbiota at the phylum and genus levels, arranged by P-value, are shown in Fig. 2(a,  b) . At the genus level, we found that the T3-4 group had an increased abundance of the genus Streptococcus (P=0.026) compared to T1-2. However, at the phylum level, no significant difference was observed in bacterial abundance among different phyla (Table S2 ).
Cancer metastasis usually implies an incurable condition and a poor prognosis. Most deaths from cancer are due to metastases that are resistant to conventional therapies. In our study, with respect to lymph node metastasis status, we assessed species abundance between groups N+ and NÀ using Welch's t-test. Patients with positive lymph node spread were significantly more likely to show a higher abundance of Firmicutes (P=0.029), Bacteroidetes (P=0.024) and Spirochaetes (P=0.027), and a lower abundance of Proteobacteria (P=0.017) than patients without lymph node spread ( Fig. 2c and Table S3) . At the genus level, patients with lymph node metastasis showed a higher abundance of Prevotella (P=0.013) and Treponema (P=0.027) compared to control subjects, without lymph node metastasis. The results are shown in Fig. 2(d) and Table S3 .
Association of microbiota abundance with patient survival To investigate whether significant microbiota could be an important factor in determining clinical outcomes of patients, the survival rates of 45 ESCC patients who underwent oesophagectomy were compared between high-and low-microbial abundance groups. Seven detected significant bacterial types were further examined. The median abundance level was used as the cut-off. Low abundance of microflora in 23 patients was classified as values at or below the 50th percentile, while high abundance in 22 patients was classified as values above the 50th percentile. Significant bacterial types screened from previous analysis were further examined by the Kaplan-Meier method and the logrank test.
At the phylum level, four examples (Proteobacteria, Bacteroidetes, Spirochaetes, Firmicutes) were examined using the Kaplan-Meier method. As a result, we found that patients with a low abundance of Proteobacteria had a significantly worse prognosis than those with high abundance (P=0.013; Fig. 3a) . However, the other three bacterial phyla investigated were not relevant to survival (P>0.05; Fig. 3b-d) .
At the genus level, the results revealed that the abundances of genera Prevotella and Streptococcus were inversely correlated with survival rates in ESCC patients, suggesting that a high abundance of these genera predicts poor prognosis (Prevotella, P=0.015, Fig. 4a ; Streptococcus, P=0.006, Fig. 4b ). However, no significant association was found between Treponema and survival in patients with ESCC (P=0.077; Fig. 4c ).
Since a significant correlation was found between Streptococcus and Prevotella (Spearman' rank correlation coefficient, =0.593, P<0.0001), we propose a new index to estimate prognosis based on a combination of the abundances of Streptococcus and Prevotella. We therefore divided these 45 patients into three groups according to this new index. When both genera showed low abundance values, we classified these patients as group 'L+L' (N=18), while we classified as 'H+H' those patients in which both genera showed high abundance values (N=17). With one low and one high abundance value, the classification was 'L+H' (N=10). As a result, we found that patients in the 'H+H' group had a significantly worse prognosis than those in the 'L+H' and 'L+L' groups (P=0.013; Fig. 4d ). Importantly, patients in the'L+L' group were all alive by the time of follow-up.
Combined abundance of Streptococcus and
Prevotella is an independent prognostic predictor for patients with ESCC In order to estimate the clinical significance of various prognostic factors potentially affecting survival in the study population, univariate Cox regression analysis was performed to estimate the hazard ratio (HR) and 95 % confidence interval (CI) for all subjects. The results of univariate analysis indicated the significant risks of the features affecting overall survival of Table 2 showed no significant associations with the prognosis of ESCC. Next, to identify independent prognostic factors, all variables performed in univariate analysis were selected for multivariate Cox regression analysis and were entered into the equation using the Enter method. As shown in Table 2 , multivariate analysis revealed that combined Streptococcus and Prevotella abundance (HR=6.094; 95 % CI: 1.072-34.646; P=0.042) was an independent prognostic marker for survival in ESCC. Taken together, these data indicate that a high combined abundance level of Streptococcus and Prevotella is an independent risk factor for ESCC patients.
DISCUSSION
Microbiota variation found in the human digestive tract represents a medical dilemma, and there is a possibility that microbiota could exert a more direct role in ESCC carcinogenesis than previously thought [22] . In our study, bacteria detected in ESCC tissue biospecimens were predominantly distributed among four phyla (Proteobacteria, Bacteroidetes, Firmicutes and Spirochaetes) and three genera (Streptococcus, Prevotella and Treponema). Among these, we found that Streptococcus and Prevotella were strongly associated with the prognosis of ESCC subjects. Furthermore, in this article we present data showing an association between these two genera and prognosis in oesophageal cancer; no such association has previously been documented in the literature. Members of the genus Streptococcus within the phylum Firmicutes comprise a wide variety of pathogenic Gram-positive bacteria [23] , and it was found to be the dominant species at the genus level in our study. Currently over 50 species are recognized in this genus and it has been shown to be part of the salivary microbiome [24] . The oesophageal mucosa is among the sites colonized by human complex microbiota, which appear to be the major taxon in the microbiota of the healthy oesophagus [25] . It is well known that the functions of the mucosal lining of the oral cavity and oesophagus are to protect the underlying tissue from both mechanical damage and the entry of microorganisms that may be present in the oropharynx [26] . The microbiota ecosystem that colonizes various body surfaces (including the oral cavity and oesophagus) is increasingly recognized as playing vital roles in physiological and pathological processes [25] . In the study of Morita et al. [27] , a highly specific quantification method for Streptococcus anginosus DNA using real-time PCR was established. Their results showed that S. anginosus numbers increased specifically in oesophageal cancer tissues, but were not closely related to oral cancer. Sasaki et al. [28] provided similar results, that S. anginosus was much more apparent in oesophageal cancer than in the non-cancerous oesophageal conditions. Most non-cancerous tissues of the oesophagus showed an undetectable level of S. anginosus. Our results also indicated that oesophageal cancer tissue, particularly in the advanced stage, showed Streptococcus to be predominantly abundant. Streptococcus anginosus is well recognized as an important invasive microbiome of this genus, which targets host fibronectin in its adhesion to and invasion of host cells [29] and may invade by the CD44-mediated cell-signalling pathway to provoke the normal epithelium to initiate inflammation, and thus promotes carcinogenesis [30] . Combining reported experimental results and the results of ouranalysis, we may surmise that S. anginosus may play an important role in tumour progression and then promote progression and metastasis with its concomitant worse prognosis. However, in-depth study still needs to be carried out to identify specific bacteria. In addition to S. anginosus, many species, such as S. mitis, S. oralis, S. parasanguis, S. gordonii, S. pneumoniae, S. sanguis and S. salivarius, S. thermophilus, S. vestibularis, S. mutans and S. pyogenes, were recognized in this genus [31] .
Prevotella, which was significantly more abundant among advanced stage cancer patients in our study, is a genus of anaerobic Gram-negative bacteria belonging to the phylum Bacteroidetes [32] . Prevotella spp., with 17 validly published examples found in the oral cavity, was isolated from nearly all types of oral infection but also from oesophageal infections [33] . P. aurantiaca, P. buccae, P. denticola, P. intermedia, P. jejuni, P. maculosa and P. melaninogenica, P. nigrescens, P. pallens, P. salivae and P. veroralis were identified as species [34] . Members of the genus Prevotella are normal residents of the oral microflora, but they can also be pathogenic and prevalent in disease infections [35] . Emerging studies in humans have linked the increased abundance of Prevotella spp. at mucosal sites to localized and systemic diseases, such as caries [36] , periodontitis [35] , bacterial vaginosis [37] [38] [39] and rheumatoid arthritis [40] [41] [42] . In addition, studies have also suggested that the increased presence of Prevotella spp. in association with human immunodeficiency virus (HIV) was a driver for persistent inflammation in the gut, leading to mucosal dysfunction and systemic inflammation [43, 44] . As referenced above, the presence of Prevotella spp., which were found to be relatively dominant in the pathological tissues from advanced-stage ESCC patients, was related to inflammation. To our knowledge, inflammation, along with separate arms of the host immune system not only plays an important role in the development and progression of many different diseases [45] , but also serves as an important indicator of a worse prognosis in patients [46, 47] . Moreover, the study of Lau et al. showed that bacterial infections were associated with a poor prognosis in gastrointestinal malignancy [48] . Moffatt et al. [49] indicated that microbiome infection induced the secretion of proinflammatory cytokines from epithelia and had the capacity to cause apoptotic cell death. If this situation occurs, inflammation soon follows. Microbiota may stimulate the initiation of inflammation then induce immunopathological change and finally lead to serious progression of carcinoma. In the micro-environment of the oesophagus, chronic inflammation may play a critical role in the progression of oesophageal carcinoma [50] . In our study, ESCC patients with an increased abundance of Prevotella spp. had a significantly worse prognosis than those with decreased abundance. We demonstrated that the genus Prevotella has a significant correlation with oesophageal carcinoma.
We further examined the combined abundance of Streptococcus and Prevotella, which was investigated using KaplanMeier survival analysis, and identified that the prognosis for ESCC patients is associated with increased bacterial abundance. It is interesting to note the findings from Wang [24] , whose study showed a significant correlation between Streptococcus and Prevotella in oral lichen planus subjects when he performed co-occurrence and co-exclusion analysis of the top 30 abundant bacterial genera. Another study revealed that gastritis patients without Helicobacter pylori infection had a relative simultaneous abundance of Streptococcus and Prevotella genera [51] . Furthermore, a significant correlation was observed between Streptococcus and Prevotella in our study. Taken together with the above-mentioned findings, we may conclude that assessing the prognosis of patients with oesophageal cancer can be performed by assessing the combined high abundance of Streptococcus and Prevotella spp. Moreover, significant correlations between the combined genera and negative outcomes in our study have been verified across multivariate Cox regression analysis. We demonstrated that the combined high abundance of Streptococcus and Prevotella spp. is regarded as an independent risk factor and reveals a worse prognosis in ESCC patients.
There are limitations to our study, however, in regard to understanding the oesophageal bacterial community. Most importantly, insufficient sample size is a primary factor, and two years of follow-up is inadequate. No subsequent trials were carried out to identify and validate the molecular mechanism involved. Additionally, multi-centre survey studies are necessary for further study. We should also consider the way in which bacteria impact cancer tissue community diversity through an in-depth study. Subsequent to that, changes in the potential functional diversity of the microbiota may provide better clues to understanding the nature and role of the oesophageal bacterial community.
Returning to the question posed at the beginning of this study, it is now possible to state that the oesophageal bacterial community varies in regard to different pathological staging groupings, and specific microbiota are indeed correlated with the prognosis of oesophageal carcinoma. Our work is the first to provide insight into species biomarker suitable for prognostic prediction in ESCC patients, emphasizing the need to study tissue-associated bacteria and specific species of the upper gastrointestinal tract in order to better understand the intimate relationship between microbiota and oesophageal carcinoma.
